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Abstract

EVOLUTION OF MOLECULAR EXCITATION IN ELECTROCHEMILUMINESCENT SENSOR
WITH ELECTRODES COVERED BY LANGMUIR-BLODGETT FILMS

Yu. T. Zholudov, N. N. Rozhitskii

Processes of nonradiative excitation energy transfer and excited states quenching in electrochem-
iluminescent sensor with working electrode, modified by Langmuir-Blodgett film with incorporated
electrochemiluminescer molecules, are investigated by means of mathematical modeling. Compari-
son with experimental results revealed that considered model is applicable for Langmuir-Blodgett
films thinner than 10 monolayers. The optimal thickness of the film for electrochemiluminescent
sensor operation was estimated as 3-5 monolayers.
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AHoTanig

EBOJIONIA MOJIEKVIAPHOI'O 3bY/IKEHHA B EJIEKTPOXEMIIIOMIHECHEHTHOMY
CEHCOPI 3 EJIEKTPOJAMMU, BKPUTUMMU TINIIBKAMU JIEHT'MIOPA-BJIOJZKET

10. T. 2Koaydos, M. M. Poxcuubkuii

InsixoM MaTeMaTUYHOTO MOAEIIOBAHHS TOCIIiI)KEHO MPOLIECH 0€3BUITPOMiHIOBAILHOTO Tepe-
HOCY €Heprii 30yIXKeHHs Ta TYLIiHHS 30yI)KEHUX CTaHiB B €JIEKTPOXEMiTIOMiHECLIEHTHOMY CEHCOPi
3 pOOOYUM €JIEKTPOJIOM, 1110 MoaudikoBaHU MmiaiBKow JleHrMwopa-biaomker 3 iHKOpnopoBaHU-
MU MOJIEKYJIaMU eJeKTpoxeMimtoMiHOGOopiB. [TOpiBHSIHHS 3 eKCIEpUMEHTAIbHUMMU pe3yabTaTaMu
M0Ka3ajo, 110 PO3IJIsSTHYyTa MOJEb MOXKe 3aCTOCOBYBAaTUCS MJIs IUTiBOK JIeHrMIopa-biaomakxeT ToH-
e 3a 10 MmoHo1apiB. 3HaligeHa oNnTUMajbHa TOBIIMHA IUIiBKU IJIS1 POOOTH €JeKTPOXeMiTIOMiHe-
CIIEHTHOTO CEHCOpa CKJaaae 3-5 MOHOIIApiB.

KirouoBi cioBa: eekTporeHepoBaHa XeMiltoMiHecleHLlis, rmiiBku Jlenrmiopa-binomxet, EXJI
CEHCOop
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AHHOTAIMA

BBOJIONUA MOJEKWIAPHOI'O BO3BYXJIEHUA B SJIEKTPOXEMWJIIOMNHECIHEHTHOM
CEHCOPE C DJIEKTPOJAMM, IIOKPBITBIMU INTEHKAMM JIEHT'MIOPA-BJIOJKET

10. T. 2Koayoos, H. H. Poxcuuxuii

[IyreM MaTeMaTM4eCKOTO MOIEIMPOBAHMS MCCISIOBAHBI IPOLECChl 0€3bI3Iy4aTeIbHOTO IIe-
peHoca 3HEPIuY BO30YKACHMS U TYLIEHUS BO30YXIEHHBIX COCTOSIHUAN B 2JIEKTPOXEMUITIOMUHEC-
LEHTHOM CEHCOpe ¢ pabodYMM 3JIEKTPOIOM, MOIN(PUIIMPOBAHHEBIM TIJIeHKOM JleHrMropa-biomxker
C MHKOPIOPUPOBAHHBIMY MOJIEKYIaMHM JIEKTPOXeMUTIOMUHODOPOoB. CpaBHEHME C SKCIIEPUMEH-
TaJbHBIMU PE3yJIbTaTaMM I10Ka3ajIo0, YTO PAaCCMOTPEHHAsT MOAEIb MOXET IIPUMEHSTHCS IS TLIe-
HoK Jlenrmiopa-brnomker Tonbme 10 MoHOcT0oeB. HalineHHast onTuMaiibHas TOMIIMHA TUICHKU

11T paOOThI 3JIEKTPOXEMITIOMUHECILIEHTHOTO CEHCOPa COCTABJISIET 3-5 MOHOCIOEB.

KimoueBble cioBa: 3JIeKTpOreHepUpPOBaHHAsI XeMUTIOMUHECLIEHIIUS, TTIeHKU JleHrMiopa-bion-

xet, DXJI ceHcop

Introduction

Electrochemiluminescence (ECL) is a kind of
non-optically excited luminescence due to sequen-
tial electrochemical and recombination processes in
electrochemiluminescent device during electrolysis
in solutions of organic luminescers [1]. Mentioned
phenomenon can be used as powerful analytical
tool in biology, medicine, ecology and other areas.
With the emergence of nanotechnology the mini-
ature ECL sensors became widely spread [2-4].

Classical ECL systems are mostly based on non-
aqueous ECL compositions and use recombination
ECL processes, i.e. the excited luminescer mol-
ecules are produced from recombination of radi-
cal ions electrogenerated at the electrode. The ap-
pearance of aqueous ECL, important for different
biomedical and ecological applications, was due to
discovery of water soluble electrochemiluminesc-
ers (first of all luminol — 3-amino-phtalhydrazide
and ruthenium tris(2,2'-bipyridine) complex, other
ruthenium and osmium complexes are much less
spread) as well as due to utilization of ECL reactions
with coreactants. The latter solves the problem of
simultaneous generation of electrochemiluminesc-
er’s radical anions and cations that is difficult due
to narrow available potential window of the water
(caused by its electrolysis decomposition). ECL re-
actions with coreactants allow using only one form
of radical ion — cation or anion generated on the
electrode, the corresponding counter-ion is pro-
duced by the coreactant due to its oxidation/reduc-
tion by electrode and/or radical ion of the electro-
chemiluminescer.

In order to overcome limitations implied by
aqueous ECL systems there can be used immobi-
lization of electrochemiluminescer at the work-

ing electrode of the ECL cell. This can be done by
different methods that allow deposition of organic
films. The examples of ECL from the films on the
electrode containing electrochemiluminescer mol-
ecules are known [5-8]. In our previous works [9,
10] we proposed deposition of Langmuir-Blodgett
(LB) films with incorporated electrochemilumi-
nescers on the working electrode of ECL sensor to
allow use of water-insoluble electrochemiluminesc-
ers which considerably extend range of substances
that can be used for ECL generation. LB method
allows deposition of ordered monomolecular films
of amphiphilic molecules and polymers. Since most
known inaqueous electrochemiluminescers do not
form Langmuir monolayers at the air/water inter-
face they should be included into electrochemicaly
inert matrix of amphiphilic molecules or polymer.

Most interesting applications of ECL sensors
deal with aqueous analyte solutions (bioliquids, en-
vironmental water etc.) that can contain dissolved
oxygen and other components — efficient quench-
ers of the excited states of organic electrochemilu-
minescers. Quenching effect by those species can
strongly reduce efficiency of ECL generation with-
in sensor (and thus analytical signal level and detec-
tion limit) especially if the active molecules are im-
mobilized by LB method at the electrode surface,
i.e. number of those molecules is small comparing
to classical homogeneous ECL systems.

Another process within considered system that
can be used to enhance sensor performance is non-
radiative excitation energy transfer between elec-
trochemiluminescer molecules located in different
LB layers. Since excited molecules within different
layers have different separation from the potential
quencher the quenching efficiency for those mol-
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ecules will be lower for further layers. Thus increase
of LB film thickness seems to enhance ECL sensor
efficiency, i.e. reduce quenching. From the other
hand increase of LB film thickness (number of LB
monolayers) leads to decrease of redox current since
conductivity of such films is pure.

Considering above stated there should exist
some optimal number of LB layers (film thickness)
that provides best performance of ECL sensor with
working electrode modified by LB film of electro-
chemiluminescer molecules.

The goal of the present work is to investigate
influence of excited electrochemiluminescer mol-
ecules evolution due to excitation energy transfer
and quenching by the components of the analyte
solution on the efficiency of ECL sensor operation.

Excitation energy transfer modeling

The process of nonradiative excitation energy
transfer plays important role in different kinds of
light emitting devices, incorporating organic ac-
tive medium [11, 12]. In the considered system of
LB matrix doped with electrochemiluminescer
molecules there is no immediate contact between
donor and acceptor of excitation energy and the
most considerable way of energy transfer is Forster
transfer. It involves the through-space interaction
of the excited donor molecule with a neighboring
acceptor molecule. An appropriate description of
this process involves the resonant interaction of the
transition dipole moments of the donor and accep-
tor molecules [13]. Forster energy transfer requires
spectral overlap of donor fluorescence spectra and
acceptor absorption spectra. In the considered case
donor and acceptor are the same molecules of in-
corporated electrochemiluminescer.

In case of electrochemical excitation of active
medium the excitation energy is localized on the ex-
ternal monomolecular layer of the film and the en-
ergy is distributed through the film due to nonradia-
tive energy transfer [14]. The simplified model of LB
film doped by electrochemiluminescer molecules is
a lattice, and each molecule of matrix or dopant is
situated in the node of this lattice (Fig. 1). On this
figure the layers plane corresponds to YOZ. The en-
ergy transfer is assumed to be in x direction perpen-
dicular to electrode plane. The distances between
electrochemiluminescer molecules within one layer
Ay and Az are determined by the doping level of or-
ganic matrix; Ax value is equal to monolayer thick-
ness and is determined by the type of used matrix.
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The structure shown on Fig. 1a has each LB
layer identical to the previous one. Such structure
is believed to be formed by LB deposition method
in case of using amphiphilic matrix molecules, the
same composition and deposition parameters of
each layer. For polymeric matrixes such behav-
ior is unlikely to be true. There can be found all
possible relative positions of donor and acceptor
molecules so corresponding recalculation of en-
ergy transfer rate is necessary. This can be done
by averaging transfer efficiency for film structures
corresponding to most favorable and unfavorable
case of energy transfer. In the latter structure elec-
trochemiluminescer molecules of the next layer
are located just above the center of gap between
electrochemiluminescer molecules of the previous
layer (Fig. 1b).
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Fig.1 — Simplified physical model structures of doped
LB films

For specified structures the energy distribution
can be described using rate equations system — one
rate equation for excited states population per
monolayer. Each equation accounts processes of
energy transfer from and to neighboring layers and
spontaneous deactivation of the excited molecules
of monolayer. The equation for the first layer should
also contain terms for ECL excitation and quench-
ing rates. The account of all neighboring layers for
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energy transfer simulation is not required since en-
ergy transfer efficiency considerably decreases with
distance. In general case such mathematical model
(1) with corresponding initial conditions (2) can be
written as follows:

dN, B 1
T—EXU) Nl(l‘)(Q . j+

N

m
+2 (k. G=D(N, =N (0))
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where N(t) — excited states population in i layer;
m — number of monomolecular layers in the film;
Ex(f) — excitation rate of the external monolayer;
0 — quenching rate constant of the excited state;
k,(n) — interlayer energy transfer rate constant

across n monolayers; t, — electrochemiluminescer
singlet state lifetime.

Interlayer energy transfer rate constant k, (n)
for system shown on Fig. 1a can be estimated from
equation (3). In this equation we assume additiv-
ity of nonradiative energy transfer rate for several
acceptor molecules, i.e. transfer from one donor
molecule to all molecules of acceptor layer. Since
Forster constant is strongly dependent on donor-
acceptor distance (~R©), it is not indispensable ac-
counting all molecules of acceptor layer but only
several neighboring ones.

k,,(n) = k,x

(80 09 + (p-2) ) 3

where n — separation between donor and acceptor
monolayers (number of layers); k, — Forster energy
transfer rate constant for unit distance; 2N+1 —
number of acceptor molecules, accounted in one
monolayer in each direction (y and 7).

The corresponding rate constant k,,(n) for sys-
tem shown on Fig. 1b can be estimated from equa-
tion (4) as

s=—N p=—N

N N
k,,(n) =k, 7ZN: 72

1 p=—N-1
where 2N — number of acceptor molecules, ac-
counted in one monolayer in each direction (y
and 7).

The energy transfer rate constant &, (n) (in eq. 1)
valid for LB films made of polymeric matrix in first
approximation can be found as (k, (n)tk, (n))/2.
Another thing that should be pointed out for poly-
meric LB film is the computation of &, — rate con-
stant of Forster energy transfer for unit distance.
Forster transfer rate depends on orientation of donor
and acceptor dipole moments through the so called
orientation factor k that can be in the range 0-2.
Since in polymeric film spatial orientation of incor-
porated electrochemiluminescer is not ordered as for
the case of LB films formed of amphiphilic mono-
mers the value of orientation factor should be taken
as for the case of random orientation of donor-ac-
ceptor pairs in a rigid medium, i.e. k= 0.475 [15].

Numerical simulation of the considered model
can give kinetics of excitation distribution as a re-
sponse for electrochemical excitation Ex(7) as well
as stationary excitation energy distribution through
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)
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the film doped with electrochemiluminescer. In or-
der to estimate influence of quenching on the de-
vice efficiency it is necessary to compute stationary
distribution of excited states population for the case
of constant excitation rate. The integral of those ex-
cited states over film thickness will give efficiency of
the device in arbitrary units.

The results of computation are given on Fig.2.
The computation was done for organic polymeth-
ylmethacrylate matrix doped with 20 molar % of
rubrene. The quenching rate constant Q was taken
relative to interlayer excitation energy transfer rate
constant k,(1). Parameters of LB films of PMMA,
that are necessary for computation, were taken from
[16]. The density of rubrene molecules packaging
was estimated as 4.55x10" molecules/cm?; film
thickness was taken as 5 nm and is based on the re-
sults of X-ray photoelectron spectroscopy measure-
ments; referenced results also confirm uniformity
and absence of pores in mentioned LB films. The
corresponding interlayer excitation energy transfer
rate constant k(1) is estimated as 2.616x10"" s™".
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Fig.2 — Emission efficiency of doped LB films of
different thickness for different quenching rate of the
excited states: 1) Q/k,(1)=0.1; 2)Q/k,(1)=0.3;
3)Q/k,(1)=0.6:4)Q/k,(1)=1

Experimental section

In this study we used LB films of polymeric ma-
trix polymethylmethacrylate (PMMA) with incor-
porated electrochemiluminescer rubrene deposited
onto transparent ITO covered glass electrodes. The
electrochemical and ECL measurements were done
in bidistilled water with tripropylamine (TPA) as a
coreactant and LiClO, as a supporting electrolyte
in usual three electrode electrochemical cell using
cyclic voltammetry method (Fig. 3). The 75 mm?
ITO coated glass substrates with deposited LB films
of rubrene served as working electrodes of the cell.
The potential scan vas done in the range 0 = +1.25
V vs. Ag/AgCl reference electrode at 100 mV/s.
Platinum foil was used as an auxiliary electrode.

Electrochemical > .
programmer F.,OtenTtIOSt?t

—| X-Y recorder

—»| X-Y recorder

®

Fig.3 — Scheme of experimental setup. 1 — ITO working
electrode; 2 — Ag/AgCl reference electrode; 3 — Pt foil
auxiliary electrode.
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We have investigated substrates covered with 1,
3,5, 15and 50 LB monolayers of PMMA containing
20 molar percents of rubrene. Results for maximal
electrochemical current and ECL photocurrent for
different samples of ITO electrodes are given on Fig.
4. It is clearly seen that the curve of electrochemical
current through the films has several regions with
different slope. This can be explained by interplay
between different mechanisms of charge transfer
through LB films with incorporated electroactive
molecules (rubrene) [17]: transfer of charge through
molecular orbitals of rubrene due to its oxidation/
reduction, tunneling of charge through the whole
film, direct oxidation/reduction of coreactant at
the electrode due to its diffusion through pinholes
or its penetration into LB film if the latter has insuf-
ficient packaging of molecules (strongly depends on
the surface pressure of Langmuir monolayer at the
air\water interface during deposition of LB film).
Analysis of ECL curve of Fig.4 reveals even stronger
decay of light intensity with increasing number of
LB layers. This is probably due to the fact that not
all of the mentioned components of electrochemical
current contribute to the creation of ECL emitters
(excited rubrene molecules). This hypothesis can be
supported by the curve for relative ECL generation
efficiency (ratio of ECL photocurrent and electro-
chemical current) versus film thickness during ECL
generation in considered LB films (Fig. 5).
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Fig.4 — Maximal electrochemical current and ECL
photocurrent for tested ITO samples with LB films
containing rubrene in PMMA matrix.

Analysis of obtained results

In order to estimate influence of excitation en-
ergy transfer through LB film thickness and excited
states quenching on efficiency of ECL generation
in the considered system it is necessary to compare
results of theoretical computation and experiment.
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This can be done by comparing ECL dependence
versus LB film thickness and electrochemical cur-
rent multiplied by theoretically computed ECL
emission efficiency curve (Fig. 2). Such comparison
allows estimation of excited states quenching rate
and applicability area of the developed model. Re-
sults of such comparison are given on Fig. 6. On this
figure there are given normalized to unity curves for
ECL photocurrent (“Experiment” curve) and elec-
trochemical current multiplied by computed ECL
emission intensity (“Computation” curve) versus
LB film thickness.
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Fig.5 — Relative efficiency of ECL generation for tested
ITO samples with LB films containing rubrene in PMMA
matrix.
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Fig.6 — Relative ECL intensity for tested ITO samples
with LB films containing rubrene in PMMA matrix.

Results presented on Fig.6 indicate that de-
veloped model of ECL emission efficiency based
on excitation energy transfer and excited states
quenching by components of solution works fine for
small thickness of LB film (about 5+7 LB monolay-
ers). For ITO electrodes with 1, 3 and 5 LB layers
computed results give almost exact matching with
observed ECL. For higher film thicknesses some
other processes prevail over excitation quenching

and are responsible for ECL intensity decay. Those
processes probably cause decrease of ECL emitters’
generation efficiency rather than quench already
generated excited states. The results on Fig.6 were
computed for excitation quenching rate constant
0=04k,(1)=1.05x10"s".

Conclusion

The developed model of excitation energy trans-
fer and excited states quenching by components
of solution in LB films doped with electrochemi-
luminescers showed its applicability for LB films
containing up to 5+7 monolayers. The relative ef-
ficiency of ECL generation in such films showed
global maximum in the range of 3+5 monolayers
(for conditions used in our experiments) which is
the optimal film thickness for ECL sensors crea-
tion. Comparison of experimental and computa-
tion results showed importance of excitation energy
transfer and excited states quenching processes for
operation of the considered type of ECL sensors
with modified working electrode.
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